Aims: Plasma fatty acid composition can change with age, reflecting diet and levels of desaturating enzymes such as stearoyl-CoA desaturase (SCD), delta-6 desaturase (D6D) and delta-5 desaturase (D5D), which contribute to the development of insulin resistance. This study analyzed longitudinal changes in fatty acid composition in Japanese children during early puberty and the association between changes in desaturase indices and changes in body fatness and insulin resistance. Methods: The study included 77 children (38 boys and 39 girls) aged 9.6±0.5 years. Relative weight (RW) and waist-to-height ratio (WHtR) were determined. The fatty acid composition of plasma phospholipids was analyzed by gas chromatography, and the desaturase indices were calculated: SCD 
Introduction
Childhood obesity is a worldwide epidemic and the consequences include increased obesity-related diseases such as metabolic syndrome and type 2 diabetes 1, 2) . The increased prevalence of childhood obesity is expected to lead to the earlier onset and increased incidence of coronary artery disease. It is generally accepted that atherosclerosis originates in childhood and that diet and physical activity are key determinants of the development of obesity. Although fatty acids are important in the development of obesity, insulin resistance and cardiovascular diseases, it is difficult to determine the effect of differences in dietary fatty acid composition. Many studies have found that the fatty acid composition in blood and tissues is related to insulin resistance, type 2 diabetes, metabolic syndrome and cardiovascular diseases [3] [4] [5] . In children, higher levels of saturated fatty acids, lower levels of n-3 polyunsaturated fatty acids (PUFAs), especially docosahexaenoic acid (DHA, 22:6n-3), and linoleic acid (LA, 18:2n-6) as well as higher levels of dihomogamma-linolenic acid (DGLA, 20:3n-6) in phospho-insulin and glucose were determined, and the homeostasis model of assessment ratio (HOMA-R) was obtained using Matthews' formula as an index of insulin resistance 19) . Three years later (in 2009) we approached the students about participating in the second phase of the study.
Informed consent was obtained from each child and his or her parents. The study protocol was approved by the local ethics committee, which is composed of members of the school's health education committee. This committee includes members of the local Board of Education and representatives of Nihon University Itabashi Hospital.
Fatty Acid Analysis
Total lipids were extracted as described 20) . Briefly, plasma was homogenized with an ultrasonic homogenizer in chloroform/methanol (1:1, v/v). After filtration with filter paper and a membrane filter, distilled water was added and the mixture was shaken. The lower layer (chloroform layer) was collected, the chloroform was removed by evaporation and the residue was separated into phospholipids and neutral lipids by solid-phase extraction or thin-layer chromatography. Following the addition of an internal standard (for instance, C23:0Me, tricosanoic acid methylester), phospholipids were transmethylated at 90 ℃ for 60 min using the (14%, w/v) boron trifluoride in methanol method. The fatty acid composition was analyzed by gas chromatography (Omegawax250 fused silica capillary column, 30 m×0.25 mm i.d., 0.25 μm film thickness; Supelco, Japan).
The desaturase indices were determined as: SCD (16:1n-7/16:0: SCD16 and 18:1n-9/18:0: SCD18), D6D (20:3n-6/18:2n-6) and D5D (20:4n-6/20:3n-6).
Statistical Analysis
All data are expressed as the mean±SD. Group differences were assessed using the unpaired t -test. The correlation coefficient between two variables was determined by single regression analysis. p ≤ 0.05 was considered significant. All statistical analyses were performed with the STATVIEW statistical package (v4.5; Abacus Concepts, Berkeley, CA, USA).
Results

Baseline Characteristics
At the start of this study, 11 of the children (4 boys and 7 girls) were obese with relative weight (RW) ≥ 120%. There was no difference between boys and girls for any of the parameters, except for fasting glucose concentration in non-obese children: according lipids [6] [7] [8] [9] [10] and palmitoleic acid (16:1n-7) in plasma lipids 11) are related to obesity and metabolic syndrome; however, the fatty acid composition of human adipose tissue can change with age, independent of diet 12) . The fatty acid composition of plasma lipids reflects food intake and levels of desaturating enzymes such as stearoyl-CoA desaturase (SCD), which is the rate-limiting enzyme in the biosynthesis of monounsaturated fatty acids (MUFAs), and delta-6 desaturase (D6D) and delta-5 desaturase (D5D), which modulate the transformation of essential fatty acids into eicosanoids. The activities of these enzymes cannot be measured easily in humans in vivo but can be estimated from the product/precursor ratios. Several studies have demonstrated that high SCD and D6D indices and a low D5D index, obtained from fatty acid composition in plasma phospholipids, are associated with adiposity, insulin resistance and metabolic syndrome 7, 13, 14) . A few studies have assessed longitudinal changes in serum fatty acid composition in cholesteryl esters 15) and in phospholipids 16) in children, but studies of longitudinal changes in desaturase indices and the relationship of these changes with body fat have not been reported. In this study, we analyzed the fatty acid composition and its longitudinal changes in plasma phospholipids in Japanese children during early puberty. We also investigated the association of changes in desaturase indices with changes in body fatness and insulin resistance.
Participants and Methods
Study Population
The study population was 77 children (38 boys and 39 girls) aged 9.6±0.5 years (mean±SD), who were in the 4th grade of an elementary school located in a rural area in Shizuoka prefecture in 2006. The school participated in this study voluntarily. All children were free from diseases other than hyperlipidemia and obesity. Each child's standing height and weight were measured and relative weight (RW) was calculated according to the standard weight for sex, age and height using data from the Ministry of Education, Science, Sports and Culture 17) . Waist circumference was measured at the level of the umbilicus, and the waistto-height ratio (WHtR) was calculated. All blood samples were obtained from the cubital vein in the morning after a 12 hour fast. Concentrations of total cholesterol (TC), high-density lipoprotein cholesterol (HDLC) and triglyceride (TG) were measured by enzymatic methods. Concentrations of low-density lipoprotein cholesterol (LDLC) were calculated using the Friedewald formula 18) . Concentrations of plasma
In boys, the D6D index and the content of DGLA (20:3n-6) were correlated positively with RW (r = 0.615, p＜0.00012; r = 0.375, p = 0.0204, respectively) and WHtR (r = 0.618, p＜0.0001; r = 0.422, p = 0.0083), but not with HOMA-R. The D5D index was correlated negatively with RW, WHtR and HOMA-R (r =−0.418, p = 0.0091, r =−0.464, p = 0.0034 and r =−0.457, p = 0.0039, respectively). In girls, the D6D index and DGLA (20:3n-6) were correlated positively with RW (r = 0.547, p = 0.0003 and r = 0.366, p = 0.0220, respectively), WHtR (r = 0.575, p = 0.0001 and r = 0.369, p = 0.0209, respectively) and HOMA-R (r = 0.665, p＜0.0001; r = 0.391, r = 0.0139, respectively), whereas the D5D index was correlated negatively with HOMA-R (r =−0.431, p = 0.0061) but not with D6D or D5D. The SCD16 index had no significant relationship with RW or WHtR in either sex, whereas the SCD18 index was correlated negato the guidelines for normal serum lipid levels for Japanese children 21) , 4 girls had hypercholesterolemia (＞220 mg/dL), 1 boy and 2 girls had hypertriglyceridemia (＞120 mg/dL) and no child had a low concentration of HDLC (＜40 mg/dL). Obese children had lower concentrations of HDLC, higher concentrations of TG and insulin and higher HOMA-R ( Table 1) . Table 2 gives the fatty acid profiles. Obese boys had significantly higher contents of DGLA (20:3n-6) and eicosapentaenoic acid (EPA; 20:5n-3) than non-obese boys. Obese girls had higher contents of DGLA (20:3n-6) than non-obese girls; however, the difference was not statistically significant. The D6D index was higher in obese children, whereas the D5D index was lower in obese boys than in any other group. Non-obese boys had lower LA (18:2n-6) and higher DHA (22:6n-3) than non-obese girls. Obese boys had higher EPA (20:5n-3) than obese girls. Changes in Parameters Over 3 Years (Table 1) The 3-year change in individual RW was −7.6± 7.6% in boys and −2.6±9.3% in girls. Of the 11 children who were obese in the first phase, 10 tively with RW and WHtR (r =−0.422, p = 0.0083 and r =−0.333, p = 0.0408, respectively) only in boys. HOMA-R had no association with the SCD16 index or the SCD18 index in either sex. in either sex. The SCD18 index had significant negative correlation with RW and WHtR (r =−0.386, p = 0.0167 and r =−0.347, p = 0.0327, respectively) in boys but not in girls. HOMA-R had no correlation with the SCD16 or the SCD18 index in either sex.
Association between Changes in Fatty Acid Composition and Changes in RW, WHtR and HOMA-R (Tables 3-5)
We investigated the association between changes in RW and changes in fatty acid content as well as in the desaturase indices. In girls, the changes in RW were not associated with changes in any parameter except the content of palmitoleic acid (16:1n-7). By contrast, the change in RW in boys was associated significantly with changes in fatty acid composition and desaturase indices. Increased RW was associated with increased contents of 18:0, DGLA (20:3n-6), 20:4n-3 and DHA (22:6n-3) and the D6D index, and with a decreased content of LA (18:2n-6) and the SCD18 and D5D indices.
In girls, the changes in WHtR were not associated with changes in any parameters except DGLA (20:3n-6). In boys, the change in WHtR was associated significantly with changes in 16:0, 18:0, LA remained obese (4 boys and 6 girls), and an additional 2 boys and 2 girls became obese. Thus, in the second phase, 14 children (6 boys and 8 girls) were obese.
TC, LDLC and concentration of glucose in nonobese boys were decreased significantly compared to their values in the first phase. Non-obese girls showed significant increases in the concentration of TG but not TC or LDLC. Thus, in the second phase, boys had lower concentrations of TC, LDLC and TG than those in girls. One girl had hypercholesterolemia, 4 children (1 boy and 3 girls) had hypertriglyceridemia and 3 children (1 boy and 2 girls) had low concentrations of HDLC. HOMA-R and fasting insulin concentration increased in girls, and the difference between sexes was statistically significant in the second phase of the study.
Fatty Acid Composition in the Second Phase of the Study (Table 2)
No difference in fatty acid composition was observed between sexes in the second phase of the study. Palmitoleic acid (16:1n-7) and oleic acid (18:1n-9) contents in non-obese children were significantly higher in the second phase than in the first phase. Thus, both the SCD16 and SCD18 indices increased. Regarding n-3 PUFAs in non-obese children, the content of alpha-linolenic acid (ALA, 18:3n-3) was increased significantly and the contents of EPA (20:5n-3) and DHA (22:6n-3) were decreased significantly in both sexes. For n-6 PUFAs, the content of arachidonic acid (AA, 20:4n-6) was increased significantly only in obese girls, whereas the content of LA (18:2n-6) in non-obese children was increased significantly in both sexes. The D6D and D5D indices were unchanged during the study, except for the D5D index in non-obese girls.
In boys, the D6D and D5D indices and DGLA impact of body fatness and insulin resistance during early puberty in Japanese children. The pattern of change in the fatty acid composition was similar in both sexes, and body fatness was associated with longitudinal changes of D6D and D5D indices and DGLA (20:3n-6). Body fatness is one of the determinants of fatty acid composition in serum phospholipids. In an earlier study 6) , obese children showed greater contents of AA (20:4n-6) and DGLA (20:3n-6) and a higher AA (20:4n-6)/LA (18:2n-6) ratio, suggesting enhanced activity of D6D. In addition, obese children with metabolic syndrome demonstrated lower LA (18:2n-6) and higher DGLA (20:3n-6) than non-obese children and obese children without metabolic syndrome 7) . In the present study, obese children had higher DGLA (20:3n-6), a higher D6D index and lower D5D index than non-obese children both at baseline and 3 years later. Furthermore, changes in the D6D and D5D indices and DGLA (20:3n-6) were associated with changes in WHtR over 3 years; therefore, abdominal adiposity might be an important determinant of longitudinal changes in n-6 fatty acid composition of plasma phospholipids.
The present study demonstrated an increase in (18:2n-6), DGLA (20:3n-6) and 20:4n-3. In addition, the change in WHtR was correlated significantly to changes in the D6D and D5D indices in both boys and girls. In girls, the increases in the D6D index and oleic acid (18:1n-9) were correlated significantly to changes in HOMA-R.
Desaturase Indices Over the Period of the Study
To evaluate the tracking of desaturase indices, single regression analysis of the desaturase index and DGLA (20:3n-6) values was performed from the first and second phases of the study. Strong correlations were found for the D6D index (r = 0.431, p = 0.0069 in boys; r = 0.557, p = 0.0002 in girls), the D5D index (r = 0.554, p = 0.0003 in boys; r = 0.567, p = 0.0002 in girls), the SCD18 index (r = 0.470, p = 0.0029 in boys; r = 0.503, p = 0.0011 in girls) and DGLA (20:3n-6) (r = 0.474 and p = 0.0026 in boys; r = 0.513 and p = 0.0008 in girls). By contrast, the SCD16 index showed no significant association.
Discussion
We investigated the longitudinal changes of fatty acid composition of plasma phospholipids and the tion between changes in the D6D and D5D indices and changes in HOMA-R in our study might reflect the influence of physiological insulin resistance during this period. SCD plays a crucial role in the development of obesity and insulin resistance in animal models 26) . In some human studies, an elevated SCD index in plasma 27) and adipose tissue 28) reflects higher levels of adiposity, TG levels and insulin resistance. In this study, however, changes in the SCD16 index were not associated with changes in RW, WHtR or HOMA-R in either sex, and the change in the SCD18 index in boys was negatively associated with changes in RW and WHtR. It was difficult to interpret these findings; however, Warensjö et al. 14) also found that the SCD18 index obtained from the fatty acid composition of plasma phospholipids was correlated negatively with body mass index, which was compatible with our findings in boys at baseline. This might well be because other lipid fractions are appropriate for estimation of the SCD index via product/precursor ratios 29) . The present study was not designed to evaluate dietary intake, hormonal changes or pubertal stages, which are key factors of changes in body fatness and insulin resistance during early puberty; therefore, the influence of pubertal change on fatty acid composition and desaturase indices could not be evaluated. However, our results demonstrated that the association between the D6D and D5D indices and body fatness might be modified by sex, suggesting that the determinants of longitudinal changes in D6D and D5D indices are different between boys and girls. Further studies are needed to investigate the interaction between the desaturase indices and the changes in growth and sex hormones.
In conclusion, the fatty acid composition of plasma phospholipids in obese children showed an increase in DGLA (20:3n-6), an increase in the D6D index and a decrease in the D5D index. This longitudinal study demonstrated that the D6D and D5D indices and DGLA (20:3n-6) tracked strongly, and the 3-year changes in both desaturase indices and DGLA (20:3n-6) were associated with the change in WHtR; therefore, obesity, especially abdominal adiposity, is a determinant of the fatty acid composition of plasma phospholipids and its longitudinal changes during puberty.
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MUFAs and n-6 PUFAs and a decrease in n-3 PUFAs over a 3-year period. The difference between the first and second phases of the study might be explained, in part, by changes in dietary fatty acid composition; however, endogenous fatty acid metabolism, which is modulated by desaturase activities, might be an important determinant of the plasma fatty acid composition of plasma phospholipids 16) . Furthermore, our findings of the 3-year changes in D5D and D6D indices suggest that they might also be determined by body fatness and insulin resistance. Earlier, a longitudinal study of phospholipid fatty acid composition in German children demonstrated that n-3 and n-6 PUFAs were higher and the contents of saturated fat and MUFA were lower when they were 5 years old than when they were 2 years old, and the AA (20:4n-6)/LA (18:2n-6) ratio showed no change in 3 years, although the dietary intake of fatty acid composition changed. It was also suggested that the metabolism of individual endogenous fatty acids, rather than dietary fatty acid composition, determined the longitudinal changes in plasma fatty acid profile 16) . The SCD, D5D and D6D indices are regulated by diet and hormones, which affect insulin sensitivity 22) . In our longitudinal study, we found sexual dimorphism in the relationship between changes in the D6D and D5D indices and changes in body fatness. Increased D6D index and decreased D5D index were associated with increased RW only in boys, whereas sexual dimorphism was not detected in association with changes in WHtR. During puberty, the change in body composition is markedly different between boys and girls 23) . The fat percentage decreases in boys and increases in girls; thus, increasing RW in pubertal girls does not always indicate a trend toward obesity. On the other hand, the percentage of abdominal fat, both visceral and subcutaneous, does not change with age in either boys or girls 23) ; therefore, an increase in WHtR suggests a trend toward obesity in both sexes. The sexual dimorphism of the association between changes in the D6D and D5D indices and changes in body fatness could be explained by sex-specific pubertal changes in body composition.
Another novel finding of this study was that changes in the D6D and D5D indices were associated with changes in HOMA-R in girls but not in boys. During puberty, children develop transient insulin resistance in response to physiological changes, resulting in a decrease in peripheral insulin sensitivity and a compensatory increase in insulin secretion 24) . The main determinants of insulin sensitivity during this period are total body fat and central body fat in girls and total body fat and lean mass in boys 25) . The associa-
